Control over the placement of stretched deoxyribonucleic acid ͑DNA͒ molecules in a microfluidic system is a critical requirement for molecular nanotechnology. A technique is developed where a large number of DNA molecules can be immobilized specifically at one end to the electrode tip and stretched in a microchannel using high frequency ac fields. -DNA molecules are immobilized and stretched using 100 kHz ac fields in a 100 m wide and 75 m deep Si microchannel. Using a floating electrode in between two biased electrodes, stretched T2 DNA molecules are immobilized across a 5 m wide electrode gap by electric field and hydrodynamic flow. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2535556͔
The key requirement for biomolecular nanotechnology is the controlled placement of nanoscale DNA molecules at specific locations in a microfluidic system. One dimensional nanostructures for electronic, magnetic, photonic, and chemical sensing applications have been realized using the unique structural and base recognition properties of DNA. 1 In addition, field effect transistors have been fabricated by assembling carbon nanotube on DNA. 2 The biggest challenge facing this field is the controlled placement of stretched DNA molecules across electrode gaps.
The existing technologies lack the control over the precise placement of DNA molecules, which results in uncontrolled immobilization of stretched DNA molecules on microstructures or substrates. [1] [2] [3] [4] [5] DNA stretching using dielectrophoresis is a promising tool towards controlled placement of DNA. But the existing methods suffer from drawbacks such as poor control over the positioning of stretched DNA, 6 and the DNA stretching has not been demonstrated inside a microchannel. 7, 8 While Namasivayam et al. 9 have demonstrated DNA stretching inside a microchannel, the method requires thiol labeling of DNA. However, thiol labeling of DNA molecules only results in very few DNA molecules attaching to electrodes. 7, 9 At most one to two DNA molecules 9, 10 are attached to the electrode and the stretching process is sensitive to surface and fluid properties. 10 We present an ac electric field based DNA immobilization and stretching technique where a large number of DNA molecules are immobilized specifically at one end of an electrode and stretched in a microchannel. The DNA molecules do not require any end labeling and the electrodes do not require any surface modification for DNA immobilization. This technique to immobilize and stretch DNA works for both hydrophobic and hydrophilic surfaces.
The electrokinetic stretching of DNA molecules in fluid involves several forces acting on the molecules. For example, the dielectrophoretic force is caused by the induced dipole along the backbone of the DNA molecules. This force is directed towards the electrode edges. The second force is the torque exerted on the induced dipole by the electric field.
For a DNA molecule with one end immobilized on the electrode, the torque tends to elongate the DNA molecule parallel to the electric field. 11 The third force is the electrothermal force acting on the fluid. 12 This force is generated by the gradients in conductivity and permittivity of the fluid caused by the field induced fluid heating. When an ac field is applied between two electrodes in a fluidic system, each electrode induces a circulatory fluidic motion across the electrodes. These two circulating fluids in the electrode gap prevents the DNA molecules attached to an electrode from being stretched beyond the range of the corresponding circulating fluid. 13 The torque and direction of the electrothermal induced fluid flow result in the DNA stretching. 14 The direction of the fluid flow depends on the direction of the electric field and temperature gradient. 15 Thus the electrothermal induced fluid flow patterns have a complex relationship with different factors such as electrode design, conductivity and permittivity of fluid, microchannel dimensions, and frequency and magnitude of the electric field. A change in any of the above factors can perturb the electric field or the temperature gradient, leading to different flow patterns. In order for the attached DNA to stretch, the fluid has to flow from the edge of the electrode towards the electrode gap.
2-morpholinoethanesulfonic acid monohydrate buffer ͑25 mM, pH = 5.8, = 370 S/cm͒ is used for all the DNA stretching experiments. The pH of the buffer is set to 5.8 to enable DNA immobilization to the Au electrode. 16 0.6 ng/ l of -DNA with contour length of 16.5 m is introduced into the microchannels with integrated electrodes. 20/ 50 nm thick Cr/ Au electrodes on 100 m thick glass are bonded to Si microchannels using polymethylmethacrylate as an adhesive layer.
DNA stretching depends on the direction of the electrothermal induced fluid flow and the flow patterns in the microchannel. A 100 kHz ac voltage is applied to the electrodes. The direction of the induced fluid flow near the electrode edge changes as the voltage is ramped up. At lower voltages, the DNA molecules move towards the electrode edges. At higher voltages, the DNA molecules start moving away from the electrode edge towards the gap.
DNA are immobilized to Au electrodes irrespective of the fluid flow direction. In order for the attached DNA to be stretched outward from the electrode edge, the electrothermal induced flow should cause the fluid to flow away from the electrode edges. Figures 1͑a͒-1͑c͒ show DNA stretching in a 75 m deep microchannel at different voltages. At 8 V, DNA stretching begins near the pointed tip of the electrode as shown in Fig. 1͑a͒ , since the electrothermal induced fluid flow is away from the electrode edge only near the electrode tip where the electric field is highest. Figure 1͑b͒ shows an increase in the number of DNA molecules and the expanded area for stretched DNA near the electrode tip at 12 V. At 16 V, DNA are stretched along the pointed and straight edge electrodes since the electric field is high enough along all electrode edges to cause electrothermal induced fluid flow away from both electrode edges.
A large number of DNA molecules are immobilized and stretched in a single step at a specific location along the electrode edges in the microfluidic channel. It allows one end of the DNA molecules to be fixed at the electrode edge and the other end to be stretched out to different lengths by the electric field. This capability is particularly useful for studying single molecule DNA-protein interactions. The fluid flow pattern is different for microchannels with shallower depth. For a 3 m deep channel, the induced flow is towards the electrode edge at voltages up to 20 V and for frequencies varying from 25 kHz to 1 MHz. The electric field and temperature distributions perpendicular to the electrode surface are different for shallower channels, resulting in different flow patterns. Figure 2 shows the variation of DNA stretched lengths with voltage. At 100 kHz, a maximum stretched length of 10.8 m is obtained for DNA molecules stretched from the pointed electrode tip. This stretched length also depends on where the DNA molecules are immobilized near the electrode edge. At 200 kHz, the stretch length is lower due to the reduced torque acting on the DNA molecules. The maximum stretched length at 200 kHz is 4 m. No DNA stretching is observed at 1 MHz. Longer stretched lengths of DNA molecules are obtained consistently at 100 kHz compared to other frequencies.
In addition to attaching the DNA molecules at an electrode and stretching them, it would also be useful to immobilize both ends of the DNA molecules. A floating electrode is incorporated between the electrode gap for this purpose as shown in Fig. 3 . Since the voltage is applied between the straight edge and pointed electrodes and not to the floating electrode, the electrothermal induced fluid flow in the vicinity of the floating electrode edge is minimized. This allows DNA molecules to be immobilized at both ends and stretched across the electrodes. When a second force such as hydrodynamic flow of the fluid containing DNA molecules is applied in addition to the electric field, the DNA molecules can overcome the resistance due to the electrothermal induced flow of the floating electrode and the other end of the DNA molecule can be attached to the floating electrode.
As shown in Fig. 3͑a͒ from the microchannel sidewalls is ϳ124 m / s. DNA molecules immobilized at both ends in the absence of electric and hydrodynamic forces are shown in Fig. 3͑b͒ . The electric field is switched off while the hydrodynamic flow is allowed to continue for ϳ2 min and then the flow is stopped. While some of the DNA molecules recoil back, a few remain to be stretched and immobilized at both ends near the edges of the pointed and floating electrodes. With the floating electrode, we have demonstrated that multiple stretched DNA molecules can be immobilized at both ends across the electrode gaps at specific locations. This capability would enable the realization of complex network such as inverters and adders from DNA-templated carbon nanotube transistors, where precise placement of stretched DNA across electrodes is needed. In summary, a technique for controllable DNA immobilization and stretching at specific locations in a microchannel using ac electric fields has been demonstrated in a microfluidic system with integrated channels and electrodes. 100 kHz ac voltages are used to immobilize and stretch -DNA molecules in 100 m wide and 75 m deep microchannels. Using a floating electrode, T2 DNA molecules are immobilized at both ends and stretched across a 5 m wide electrode gap using electric field and hydrodynamic flow in the microchannels. 
